The great benefits that chemical pesticides have brought to agriculture are partly offset by widespread environmental damage to nontarget species and threats to human health. Microbial bioinsecticides are considered safe and highly specific alternatives but generally lack potency. Spindles produced by insect poxviruses are crystals of the fusolin protein that considerably boost not only the virulence of these viruses but also, in cofeeding experiments, the insecticidal activity of unrelated pathogens. However, the mechanisms by which spindles assemble into ultra-stable crystals and enhance virulence are unknown. Here we describe the structure of viral spindles determined by X-ray microcrystallography from in vivo crystals purified from infected insects. We found that a C-terminal molecular arm of fusolin mediates the assembly of a globular domain, which has the hallmarks of lytic polysaccharide monooxygenases of chitinovorous bacteria. Explaining their unique stability, a 3D network of disulfide bonds between fusolin dimers covalently crosslinks the entire crystalline matrix of spindles. However, upon ingestion by a new host, removal of the molecular arm abolishes this stabilizing network leading to the dissolution of spindles. The released monooxygenase domain is then free to disrupt the chitinrich peritrophic matrix that protects insects against oral infections. The mode of action revealed here may guide the design of potent spindles as synergetic additives to bioinsecticides.
The great benefits that chemical pesticides have brought to agriculture are partly offset by widespread environmental damage to nontarget species and threats to human health. Microbial bioinsecticides are considered safe and highly specific alternatives but generally lack potency. Spindles produced by insect poxviruses are crystals of the fusolin protein that considerably boost not only the virulence of these viruses but also, in cofeeding experiments, the insecticidal activity of unrelated pathogens. However, the mechanisms by which spindles assemble into ultra-stable crystals and enhance virulence are unknown. Here we describe the structure of viral spindles determined by X-ray microcrystallography from in vivo crystals purified from infected insects. We found that a C-terminal molecular arm of fusolin mediates the assembly of a globular domain, which has the hallmarks of lytic polysaccharide monooxygenases of chitinovorous bacteria. Explaining their unique stability, a 3D network of disulfide bonds between fusolin dimers covalently crosslinks the entire crystalline matrix of spindles. However, upon ingestion by a new host, removal of the molecular arm abolishes this stabilizing network leading to the dissolution of spindles. The released monooxygenase domain is then free to disrupt the chitinrich peritrophic matrix that protects insects against oral infections. The mode of action revealed here may guide the design of potent spindles as synergetic additives to bioinsecticides. microcrystallography | in vivo crystallization | poxvirus | LPMO | pesticide M ost entomopoxviruses (EV) produce two types of intracellular crystals. Virus-containing spheroids are the main infectious form of EV (1) and are functionally analogous to polyhedra of cypovirus (2) and baculovirus (3, 4) . In contrast, the function of the second type of crystals is less clear. These crystals of the viral fusolin protein, called "spindles" because of their characteristic shape, assemble in the endoplasmic reticulum of infected cells and for some species also occur embedded within the crystalline lattice of spheroids (5) . Purified spindles are not infectious but strongly enhance the infectivity of EV by a mechanism that involves disruption of the peritrophic matrix, a physical barrier that protects the midgut epithelium of insects against oral pathogens (6, 7) . Remarkably, in larval cofeeding experiments, spindles also enhance the insecticidal activity of unrelated oral pathogens such as baculovirus (8) and the Bacillus thuringiensis (Bt) toxin (9) by up to three orders of magnitude. This effect on virulence prompted their use as synergistic additives to common bioinsecticides, for instance by transgenic expression of spindles in plants to improve the effectiveness of baculovirus insecticides (10) .
Fusolin proteins have a signal sequence that targets them to the endoplasmic reticulum, and the mature protein has a mass of 36-44 kDa. Some fusolins are glycosylated, and the glycosylation site of the fusolin produced by Anomala cuprea EV (ACEV) is required for full virulence (11) . Sequence analysis shows that the N-terminal region of fusolin is a domain 3 chitin-binding domain, found in more than 500 bacterial and fungal proteins (12) . Among viruses, the only recognized homologs are the GP37 proteins produced by baculoviruses, which exhibit 30-40% sequence identity with fusolin (13) .
The chitin-binding activity of the N-terminal domain is essential for the virulence enhancement of fusolin. However, it does not explain the mode of action of spindles by itself, because this activity is necessary but not sufficient for virulence (11) . No function has been assigned to the variable C-terminal region of fusolin, and this region is not required for the enhancement activity (11) .
To investigate how fusolin enhances the virulence of insecticidal agents and assembles into spindles, we used X-ray microcrystallography to determine structures of spindles from three EV that infect major agricultural pests. These structures reveal that the Significance X-ray crystallography is a powerful approach for understanding the structure and function of biological macromolecules but is largely limited to molecules that form high-quality crystals in the laboratory. Here we present the structure of protein crystals that form naturally in virally infected insects and boost the insecticidal activity of oral pathogens. By proposing a mode of action for these virulence factors based on enzymes degrading chitin by oxidation, our findings may guide their use as synergetic additives to common bioinsecticides. They also reveal that these proteins assemble into ultra-stable crystals stabilized by a 3D network of covalent bonds, a unique strategy for achieving efficient protein crystallization in the complex environment of the cell.
disruption of the chitin-rich peritrophic matrix by fusolin is caused by a globular domain that has the hallmarks of a lytic polysaccharide monooxygenase (LPMO). An extended molecular arm following this domain stabilizes the in vivo crystals of fusolin by interconnecting domain-swapped dimers and forming a unique 3D network of disulfide bonds.
Results
The Structure of Fusolin. Spindles from three EVs were isolated from their respective insect hosts, the common cockchafer Melolontha melolontha, the cupreous chafer Anomala cuprea, and the porina moth Wiseana spp. These spindles have similar bipyramidal shapes ∼3 μm in length and a smooth surface when viewed by scanning electron microscopy (Fig. S1 ). Although they generally are described in the literature as paracrystalline, we found that the three types of spindles are single crystals that diffract to high resolution. At a molecular level, they have lattice parameters within 5% of each other (Table S1 ), and the sequences of the respective fusolin proteins share 55-58% identity. Accordingly, the three derived atomic models for fusolin are similar, with rmsds between corresponding atoms of less than 1 Å (Fig. S1 ). The following description is based on fusolin from Melolontha melolontha EV (MMEV) unless otherwise specified.
The closest structural homolog of fusolin is the bacterial chitinbinding protein 21 (CBP21) protein of Serratia marcescens (PDB ID code: 2BEM), a member of the AA10 family of copperdependent LPMOs (14) . Like all AA10 proteins, fusolin has a modified fibronectin type III (Fn3) domain with a helical subdomain forming a wedge-shaped projection. This projection subdomain of ∼112 residues is inserted between the first two strands of the Fn3 β-sandwich. In fusolin the AA10 module is followed by a C-terminal (CT) extension composed of an extended linker and a prominent helix located ∼20Å away from the core of the molecule. The CT region varies from 76 to 134 residues, depending on the virus, and contains a central section that appears to be flexible in our three structures (Fig. 1A and Fig. S2 ). Of the 13 cysteines in MMEV fusolin (see Fig. S2 ), six form intramolecular disulfide bonds that stabilize the fusolin fold on either side of the β-sandwich (C 93 -C 228 and C 139 -C 189 ) and within the projection subdomain (C 14 -C 34 ) (Fig. 1) .
Relationship with Other Viral Fusolin-like Proteins. The N-terminal domain of EV fusolins is closely related in sequence to baculovirus GP37 proteins, suggesting both homology and a common fold for these virulence factors despite the evolutionary distance between the two viral families (13) . For instance, the fusolin-like proteins of EV and baculovirus isolated from the same host, Helicoverpa armigera, share 49% identity over 257 residues. Our results suggest that all viral fusolin-like proteins share two structural characteristics, namely the three disulfide bonds that stabilize the N-terminal domain and a buried salt bridge that stabilizes the interaction between the Fn3 domain and the projection subdomain (residues R 10 , D 230 , and W 117 ) (Fig. S2 ).
An analysis of the sequence conservation at the molecular surface of fusolin reveals an additional patch of conserved residues that do not appear to be involved in the stability of the fusolin dimer or in their assembly into spindles (Fig. 2C ). This area overlaps the chitin-binding interface identified in cellular homologs as described in the next section. In contrast, the CT extension generally is much shorter and is poorly conserved in sequence; or it is absent altogether in most baculovirus proteins (Fig. S2) .
Fusolin Has the Hallmarks of a Chitin Lytic Monooxygenase. Outside the viral world, fusolin is most closely related to bacterial AA10 LPMOs. Unlike classical chitinases classified as glycosyl hydrolases, AA10 LPMOs are specific for the crystalline form of chitin or cellulose and proceed through an oxidative process involving molecular oxygen activated by copper bound in the active site of the protein (15) (16) (17) (18) . Despite a low sequence identity between CBP21, a member of the AA10 proteins, and fusolin (14% over 237 residues), the Fn3 domains of the two proteins are structurally similar with an rmsd of 1.55 Å over 145 equivalent residues. The projection subdomain is mostly helical in both proteins but is larger in fusolin by ∼60 residues (Fig. 2) . A shallow groove on the β-sandwich is highly conserved in sequence not only between EVs and baculoviruses, two completely unrelated families of insect viruses, but also across AA10 proteins ( Fig. 2 C and F) . Protruding from this groove, the N-terminal histidine (His 1 ) of the mature fusolin and His 144 form a histidine brace (19) , a signature of LPMOs consisting of a surface-exposed metal-binding site located between the N-terminal amine of the strictly conserved His 1 and the two imidazole side chains ( Fig. 2 and Fig. S3 ).
In material purified from infected insects, only Wiseana EV (WEV) spindles had electron density corresponding to a transition metal within the histidine brace. Because of the limited availability of the material, the identity of this endogenous metal could not be confirmed. However, this site can accommodate Zn 2+ or Cu
2+
when MMEV spindles are soaked in 2 mM ZnSO 4 or CuSO 4 solutions (Fig. S4 ). The structures of these complexes at a resolution of 2.4 Å revealed similar T-shaped coordination spheres consisting of two nitrogen atoms of the imidazole side chains of His 1 and His 144 , and the N-terminal amine of His 1 ( Fig. 2G and Fig. S5 ). As in other AA10 and AA11 proteins, an alanine residue, Ala 142 , partially blocks access to the metal in the axial direction perpendicular to the plane formed by the three nitrogen ligands (Fig. 2G and Fig. S6 ). This unusual geometry for a transition metal-binding site was first described in CBP21, which also is able to bind a number of divalent metals including Zn 2 . However, Cu 2+ was the only ion able to restore activity in EDTA-inhibited CBP21 (16) .
A notable difference between fusolin and other AA10 proteins is the presence in the former of an additional coordination of the metal by residue Glu 242 from a symmetry-related molecule that caps the active site in assembled spindles. The carboxylate moiety of the Glu 242 side chain coordinates the metal in a bidentate interaction opposite the N-terminal amine compared with the metal. This geometry closely resembles the binding site of the AA10 protein EfaCBM33A with Cu 2+ , in which two water molecules occupy positions corresponding to the carboxyl oxygen atoms of Glu 242 (Fig. S5) . These water molecules are absent in the reduced Cu + structure of EfaCBM33A (20) , suggesting that in our structure of fusolin the Cu 2+ ion has not undergone complete photoreduction.
In addition, Glu 242 fills a small cavity next to the metal site that could accommodate molecular oxygen, as suggested for chitinspecific AA10 and AA11 proteins (Fig. S6) . Phylogenetically, fusolin clusters with chitin-specific AA10 proteins (Fig. S3) . However, this cavity is shallower than in these proteins and more closely resembles the surface of CelS2, a cellulose-targeting AA10 protein (21) . Indeed, the residues delimiting this cavity are conserved between CelS2 and fusolin (Arg 217 and Glu 223 ).
Other residues around the metal are appropriately placed to bind the substrate through an outer rim of polar residues and A neighboring molecule capping the site is shown in white. Although this site is only occupied by a water molecule in purified MMEV spindles (Fig. S5) , it can be populated by a Cu 2+ ion after incubation in CuSO 4 , shown here as a brown sphere. The metal-binding site also is indicated by black arrows in A, B, and C. a planar hydrophobic surface on the projection domain. This flat platform is complementary in shape to crystalline chitin (Fig. 2B ) and presents two prominent tryptophans, Trp 21 ) . Despite large fold differences in the projection domain where these residues are located, Tryp 21 is structurally equivalent to Tyr 54 of CBP21 (ring-to-ring distance <4 Å) ( Fig. 2 C and F) , a residue that is essential for the ability of CBP21 to bind chitin (16, 22) . Additional residues in the polar rim that were shown experimentally to participate in chitin binding in CBP21 (16, 22) are highlighted in Fig. 2F and Fig. S3 . In particular, the threonine residue Thr 141 preceding one of the active site histidines (His 144 ) and the occluding alanine (Ala 142 ) are strictly conserved across all AA10 and AA11 proteins.
A Crystalline LPMO. Compared with cellular LPMOs, the mode of action of fusolin is unique, because this virulence factor is naturally produced as ultra-stable crystals (Fig. 3A) . Our analysis of native spindles purified from infected insects revealed that they adopt a complex molecular architecture in which fusolin is inactive but that allows its regulated release in an active form upon spindle dissolution.
Spindles are formed by an intricate assembly of dimeric building blocks in which the CT extension mediates domain swapping within dimers (Fig. 1B) and crosslinks the entire crystalline matrix (Figs. 3  and 4B ). The dimer is formed by interactions of fusolin molecules around a crystallographic twofold axis through the side of the β-sandwich opposite the active site (Fig. 1B) . The amphipathic helix H5 of the CT molecular arm is swapped between subunits of the dimer and fits into a hydrophobic groove of the adjacent β-sandwich. The dimeric interface is relatively large with a buried area of 3,530 Å (Fig. S7) .
In spindles, fusolin dimers assemble according to the P4 1 2 1 2 symmetry of the crystal to form two crowns of four dimers that encase a central dimer (Fig. 3) . Each crown is capped by a dimer from neighboring cells that projects its CT extensions through the central opening of the crown toward the central dimer. The central dimer is connected to both capping dimers and two dimers of each crown by disulfide bonds between the respective CT extensions (Fig. 3 B and C) .
The CT Molecular Arm Stabilizes Spindles Through a 3D Network of Covalent Bonds. Remarkably, the 12 interdimer disulfide bonds form a 3D network that covalently crosslinks the entire crystal into a single polymer (Fig. 3 C and E) . The network relies exclusively on the CT extension where the linker preceding helix H5 is connected to three cysteines present in the last 11 residues of a fusolin molecule from a neighboring dimer (Fig. 4B ). This network also may be present in ACEV, although disulfide bonds are not visualized in our structure because of missing electron density. The cysteines involved in interdimer crosslinking in MMEV and ACEV spindles are not present in WEV spindles, but an alternate interdimer disulfide bond between Cys 80 and Cys 255 plays a similar role.
In the absence of the CT sequence, no interdimer disulfide bonds would be formed; the size and nature of the remaining interdimer buried surfaces would be typical of crystal contacts with no biological relevance; and no higher assemblies of such truncated fusolin would be predicted by interface analysis (SI Methods, and Fig. S7 ).
Glycosylation Site. Most fusolin and GP37 proteins contain at least one N-glycosylation site within the N-terminal conserved regions, although not all fusolins are glycoproteins. Well-defined electron density for the (N-acetyl-glucosamine) 2 -mannose base of the carbohydrate structure is visible at Asn 173 in the WEV fusolin and at Asn 175 in the ACEV fusolin electron density maps (Fig. S1) . In ACEV spindles, the carbohydrate chain plays a role in stability in the host digestive tract, perhaps explaining the decreased virulence when glycosylation of the ACEV fusolin is prevented (11) . In the ACEV spindle structure the carbohydrate chain points into a solvent channel, away from the dimeric interface or crystal contacts. The first three moieties attached to Asn 175 cover a small hydrophobic patch on the surface of fusolin, which may increase the folding efficiency and solubility. No electron density corresponding to carbohydrate or protein is visible at the equivalent position in the MMEV structure. In WEV spindles, the carbohydrate chain fits between two dimers and interacts with Glu 263 , hydrogen-bonded to O 6 and O 7 of NAG1, and Phe 259 , forming a stacking interaction with NAG1 (Fig. S1 ). This bridging interaction forms additional crystal contacts that may compensate for the lower amount of covalent crosslinking in WEV spindles, which lack Cys 252, Cys 259 , and Cys 316 involved in intermolecular disulfide bonds in the MMEV fusolin.
Fusolin Release from Spindles. Our structure of spindles shows that fusolin must be released from the crystal to function because the metal-binding site is capped by residue Glu 242 in assembled spindles, and neighboring molecules occlude the planar platform containing the active site (Fig. S6) . This controlled release is indeed observed in the midgut of larvae and has been attributed to the combined action of the alkaline environment and proteolytic degradation (11) . In addition to the intermolecular disulfide bonds, the CT region contains an unusually high proportion of tyrosines, which are located strategically at the dimer interface within helix H5 and around interdimer crystal contacts next to stabilizing disulfide bonds (Fig. 4) . Thus, dissolution may be facilitated by the concerted deprotonation of the hydroxyl group of tyrosines (pK aTyr = 10.1), introducing destabilizing buried charges, and the weakening of disulfide bonds (pK aCys = 8.0) in the alkaline midgut. A similar mechanism was proposed for both classes of viral polyhedra, where tyrosine clusters are located in close proximity to molecular arms analogous to the CT extension (23) .
In vitro, alkaline dissolution of spindles does not dissociate fusolin oligomers completely, and some noncovalent, SDSresistant oligomers are observed even after incubation at pH 13 ( Fig. S8 A and B) . Limited proteolysis of dissolved spindles by chymotrypsin produces a stable core that corresponds in size to the AA10 domain and no longer forms SDS-resistant oligomers (Fig.  S8C) . In vivo, the released fusolin is processed by host serine proteases into an N-terminal fragment with a cleavage site situated between residues 250 and 289 of the mature ACEV fusolin (11) . In our structure, this site is located at the beginning of the CT sequence within a disordered region that follows conserved proline Pro 247 . The resulting fragment corresponds to the globular LPMO module identified in this study (Fig. 5) .
Discussion
From an evolutionary standpoint, the close similarity of fold and topology between fusolin and AA10 proteins establishes homology between these viral and bacterial proteins. Functionally, our structural analysis indicates that fusolin harbors all the hallmarks of functional AA10 proteins, including a characteristic N-terminal histidine residue, a surface-exposed metal-binding site, and a flat protrusion suitable for substrate binding. Overall, the active site of fusolin more closely resembles AA10 proteins that target chitin, such as CBP21 (22) and AA11 proteins (24) , than AA9 proteins that degrade cellulose (25) . In particular, the fusolin protein sequence clusters phylogenetically with chitinspecific AA10 proteins, and its surface presents a characteristic cavity next to the histidine brace that is thought to accommodate dioxygen. Accordingly fusolin and GP37 proteins bind purified chitin (11, 26) , and ingestion of fusolin results in the disruption of the chitin-rich peritrophic matrix (6, 7) . Importantly, the LPMO activity itself appears to be essential, because an IHE 145 -AAA 145 fusolin mutant with a disrupted metal-binding site remains able to bind chitin but fails to enhance the insecticidal activity of baculovirus in cofeeding experiments (11) . Similarly, fusolin loses its ability to enhance virulence when it is expressed recombinantly with a heterologous N-terminal extension, consistent with the proposed essential role of His 1 , as in all other LPMOs (11, 27) . Taken together, these results indicate that a chitin LPMO activity of fusolin underpins the ability of poxvirus spindles to disrupt the peritrophic matrix of their host, providing a molecular basis for their broad-spectrum enhancement of virulence.
This role of an LPMO module in viral pathogenicity differs from the primary role of many bacterial LPMOs, which is the degradation of recalcitrant polysaccharides as a source of nutrients. However, several proteins containing LPMO modules also have been linked to virulence in bacteria (28) , and it will be interesting to see whether bacterial and viral LPMO factors affect virulence through similar mechanisms in insect pathogens.
Fusolin is unique among AA10 proteins-and in fact among all characterized LPMOs-in that it is produced in an inactive, crystalline form. Our structure reveals that this ability to crystallize in vivo results at least in part from the addition of a CT extension to the LPMO domain. The role of the CT arm in the assembly and stability of spindles is evidenced further by the fact that most structural homologs of fusolin lack CT extensions, are monomeric, and do not form in vivo crystals. Four baculovirus GP37 proteins also are known to form spindle-like crystals, and all have cysteine-rich C-terminal extensions that are comparable in length to the CT arm of EV fusolin (Fig. S2) . The amino acid sequences of these CT-like extensions are highly divergent, suggesting that in vivo crystallization may have evolved independently in these viruses. Intriguingly, the role of the CT region in assembly is analogous to the function of H1 of the cypovirus polyhedrin and the CT loop of baculovirus polyhedrin that stabilizes polyhedra, virus-containing crystals unrelated to spindles (23) . Crystals of cathepsin B grown in vivo for X-ray free-electron laser analysis using a recombinant baculovirus expression system present a similar extension in which the last three residues interlock neighboring molecules in the crystal packing (29) . These diverse examples suggest that crosslinking using molecular arms may represent a general feature of stable in vivo crystals.
From a biochemical point of view, the specificity of the fusolin crystals is their stabilization by a 3D network of disulfide bonds that results in a fully crosslinked matrix. To our knowledge, this is the first visualization of such a stabilization strategy in protein crystals, which has also been postulated to exist in other in vivo crystals such as Bt parasporal δ-endotoxins and poxvirus spheroids. This covalent crosslinking may explain why spindles are even more stable than polyhedra (30) despite forming a crystalline matrix that is much less compact (solvent contents of 33-40% for spindles vs. ∼20% for polyhedra) (23) . In keeping with their primarily structural role, a large proportion of the surface of both classes of polyhedrin proteins has evolved to make strong crystal contacts. In contrast, the ultimate role of fusolin is to enhance virulence. The modular crystallization strategy based on the CT extension offers an elegant solution to allow an efficient transition from an ultra-stable crystalline form to a soluble, active LPMO domain.
Methods
Spindles were isolated from infected insects that were collected from the field (Melolontha melolontha (13) and Wiseana spp. larvae) (SI Methods) or from insects reared as previously described (Anomala cuprea) (6). Spindles were purified by centrifugation through a stepwise sucrose gradient and were resuspended in water. X-ray diffraction data were collected on multiple crystals, typically ∼3 μm in diameter, and the structure of MMEV fusolin was determined using the Rosetta ab initio molecular replacement implementation in PHENIX (rosetta_mr) with the CBP21 protein structure (PDB ID code: 2BEM) as template (31) . The three models of fusolin were built in COOT (32) and refined with BUSTER 2.10 (33) at resolutions of 1.9-2.0 Å (Table S1 ). The structures of MMEV fusolin in complex with Cu 2+ and Zn 2+ were refined at a resolution of 2.4 Å (Table S2) .
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